Membrane trafficking via targeted exocytosis to the Saccharomyces cerevisiae bud neck provides new membrane and membrane-associated factors that are critical for cytokinesis. It remains unknown whether yeast plasma membrane abscission, the final step of cytokinesis, occurs spontaneously following extensive vesicle fusion, as in plant cells, or requires dedicated membrane fission machinery, as in cultured mammalian cells. Components of the endosomal sorting complexes required for transport (ESCRT) pathway, or close relatives thereof, appear to participate in cytokinetic abscission in various cell types, but roles in cell division had not been documented in budding yeast, where ESCRTs were first characterized. By contrast, the septin family of filamentforming cytoskeletal proteins were first identified by their requirement for yeast cell division. We show here that mutations in ESCRT-encoding genes exacerbate the cytokinesis defects of cla4D or elm1D mutants, in which septin assembly is perturbed at an early stage in cell division, and alleviate phenotypes of cells carrying temperature-sensitive alleles of a septin-encoding gene, CDC10. Elevated chitin synthase II (Chs2) levels coupled with aberrant morphogenesis and chitin deposition in elm1D cells carrying ESCRT mutations suggest that ESCRTs normally enhance the efficiency of cell division by promoting timely endocytic turnover of key cytokinetic enzymes.
Introduction
Cell division requires the resolution of a single continuous plasma membrane into two. In most eukaryotes, the two sides of the plasma membrane are brought in close proximity by an actomyosin-based contractile ring that guides ingression of a cleavage furrow. However, the mechanism by which plasma membrane abscission ultimately occurs remains obscure (Guizetti and Gerlich, 2010) . Delivery of Golgi-derived or recycled endosomal vesicles to the site of plasma membrane abscission plays an important yet poorly characterized role, but the exocyst complex, which targets the docking of exocytic vesicles, seems to be involved (He and Guo, 2009 ). In many eukaryotes, efficient execution of the abscission step also requires certain members of the septin family of GTP-binding proteins, known to polymerize into membrane-associated filaments (Kinoshita and Noda, 2001 ). Prior to ingression, septin assemblies localize at the incipient cleavage site and help recruit components of the contractile ring. Additionally, septin filaments are thought to define the boundaries of plasma membrane compartments by forming ring-shaped assemblies that provide a barrier to the lateral diffusion of plasma membrane components, including exocyst landmarks (Estey et al., 2010) . Septins thereby confine and target vesicle delivery to the site of plasma membrane abscission.
Topologically, plasma membrane abscission resembles both multivesicular body (MVB) formation -a conserved and essential step during endocytic degradation of membrane proteins -and viral budding from a host cell, distinct processes that share a requirement for the endosomal sorting complexes required for transport (ESCRTs) (Hurley and Hanson, 2010) . Indeed, certain ESCRT proteins are required for plasma membrane abscission during cytokinesis, at least in cultured mammalian cells (Carlton and Martin-Serrano, 2007; Morita et al., 2007; Carlton et al., 2008) . Like septins, members of the ESCRT-III complex form membrane-associated filaments (Hanson et al., 2008) , and apparent helices of ESCRT-III filaments at sites of abscission have been detected in vivo (Guizetti et al., 2011) . In addition, ESCRT-III subunits appear to act more directly in membrane fission, given their ability to induce fission of artificial membranes in vitro (Wollert et al., 2009 ). However, because ESCRT function also regulates vesicular transport, the precise roles of ESCRTs in plasma membrane abscission during cytokinesis remain unclear (Guizetti and Gerlich, 2010) .
Septins and ESCRTs were both first identified and characterized in Saccharomyces cerevisiae. Septin filaments are essential for budding yeast cytokinesis (McMurray et al., 2011) , whereas no defect in cell division has been attributed to the ESCRT mutants, all of which are viable (Saccharomyces Genome Database; http://www.yeastgenome. org/). The requirement for septins may reflect important characteristics of yeast budding. The yeast cell wall is dramatically remodeled during cell division, involving deposition of a 'septum' of new wall material, especially chitin, which is then resolved to achieve cell separation (Walther and Wendland, 2003; Cabib, 2004) . Notably, yeast plasma membrane ingression is driven in part by the cell wall synthesis machinery, and can occur without a contractile ring (Watts et al., 1987; Rodriguez and Paterson, 1990; Bi et al., 1998; Fang et al., 2010) , reminiscent of the requirement for different kinds of extracellular matrices in cytokinesis in certain metazoan cell types (Mizuguchi et al., 2003; Izumikawa et al., 2010; Xu and Vogel, 2011) . Yeast septins are required for both septation and contractile ring-guided plasma membrane ingression, explaining why they are essential for yeast cell division (Bi, 2001) . Furthermore, if septin function is blocked following successful plasma membrane ingression, abscission fails (Dobbelaere and Barral, 2004) , indicating an additional requirement for septins in this final step of cytokinesis.
By contrast, yeast ESCRTs were not known to be required in any way for cytokinesis, although vesicular trafficking of certain septation enzymes (e.g., chitin synthase) to and from the plasma membrane at the division site could be affected by ESCRT dysfunction. Interestingly, some archaeal organisms lacking septa and contractile rings assemble ESCRT-III-like polymers at the division site and require them for their binary fission (Samson and Bell, 2009 ). This phylogenetic curiosity suggests that, if other cytokinetic components are missing or crippled, ESCRTs alone may support plasma membrane abscission. With this possibility in mind, we reasoned that cells in which cytokinesis is impaired by mutations in known cytokinetic factors might provide a sensitized background where roles for the ESCRT proteins in cell division would be revealed.
Indeed, as described here, mutant phenotypes and genetic interactions strongly suggest that ESCRT components have cytokinetic functions. Our evidence supports a model in which, rather than acting directly in resolution of the plasma membrane during the abscission step of cytokinesis, ESCRT function contributes to proper cytokinesis via vesicular trafficking-mediated modulation of chitin synthase activity at the plasma membrane.
Results

Cytokinesis failure and aberrant DNA content in cells with ESCRT-III defects
Snf7 is the primary component of filaments formed by the ESCRT-III complex, which in yeast also contains the related proteins Vps2, Vps20, and Vps24. Vps20 nucleates Snf7 polymerization on membranes (Teis et al., 2008; Saksena et al., 2009) , whereas Vps24 incorporation is thought to both cap the growing filament and recruit Vps2 (Babst et al., 2002; Teis et al., 2008) , which activates a catalytic filament disassembly factor, Vps4 (Babst et al., 1998 (Babst et al., , 2002 . Bro1, the yeast ortholog of the human programmed cell death 6 interacting protein (PDCD6IP; Alix) protein critical for ESCRT-III function in retroviral budding, binds Snf7 via a so-called Bro1 domain equivalent to the same domain in Alix that binds chromatin modifying protein 4 (CHMP4) proteins, the human Snf7 orthologs (Kim et al., 2005; McCullough et al., 2008) . Preventing Alix-CHMP4 interaction inhibits cytokinetic abscission in mammalian cells (Carlton et al., 2008) . Conversely, driving yeast Bro1-Snf7 association by overexpressing full-length Bro1, or the Bro1 domain alone, enhances the stability of ESCRT-III by inhibiting Vps4-mediated disassembly in vivo and in vitro (Wemmer et al., 2011) .
While examining vesicular morphology in ESCRT mutant cells by thin-section electron microscopy (TEM) (Wemmer et al., 2011) , we noticed cells with multiple buds that had not completed cell division ( Figure 1A ), clear evidence of failed cytokinesis. Although such cells were observed infrequently, they were much rarer in wild-type cultures (data not shown). We also found an unexpected phenotype for Bro1-overexpressing cells that further stimulated our interest. Specifically, cultures of cells overexpressing Bro1 often achieved higher optical densities (at 600 nm) than other genotypes cultured in the same medium for the same time, yet did not exhibit any difference in doubling time during exponential growth (Megan Wemmer and Greg Odorizzi, unpublished observations). Increased light scattering suggested that excess Bro1 causes an increase in cell size and/or a failure of cell separation, both potential features of cytokinesis defects.
Insufficient cell division also leads to the accumulation of cells with a DNA content of 2C (or higher) if DNA synthesis occurs but cytokinesis fails. Thus, we measured cellular DNA content by flow cytometry after staining with the fluorescent dye propidium iodide (PI). Indeed, there was a dramatic accumulation of cells with G2C DNA content in cultures overexpressing Bro1 ( Figure 1B) . Moreover, overexpression of the Bro1 domain alone wresidues 1-387, hereafter Bro1 (1-387)x was sufficient to cause the same phenotype ( Figure 1B ). Based on these results, we then examined yeast strains deleted for SNF7, VPS2, VPS4, VPS20, VPS24, BRO1, or genes encoding components of ESCRT-I (VPS23) or -II (VPS36), which are required for the early steps in MVB biogenesis (Hurley, 2010) . Strikingly, two of the ESCRT-III mutant strains, snf7D and vps24D, also showed evidence of aberrant DNA content, as judged by the accumulation of cells delayed during DNA replication (DNA content between 1C and 2C), and an increased proportion of cells with DNA content higher than 2C ( Figure 1B) . By comparison, the other mutants we examined did not display pronounced differences from the wild-type ( Figure 1C ). When others conducted automated analysis of the morphology of the available collection of viable deletion mutants (Saccharomyces cerevisiae Morphology Database; http://yeast.gi.k.utokyo.ac.jp/), they reported that snf7D mutants exhibit an abnormally high proportion of medium-budded cells, which, considering that bud emergence coincides with the onset of the S phase, suggests an apparent S phase delay, is consistent with our findings. Moreover, when we analyzed those pub- lished micrographs for evidence of cell division defects in snf7D mutants, we found slightly more multiply-budded cells (two out of 335 cells; 0.6%) and cells with multiple nuclei (two out of 335 cells; 0.6%) than in a control his3D strain (zero multibudded and one multinucleate out of 370 cells; 0.3%). Taken together with our initial TEM observations and the appearance of an increased )2C population in snf7 mutant cells, these findings suggested a possible involvement of ESCRT function in yeast cell division.
Genetic interactions between ESCRT-III mutations and cla4D or elm1D
Septin assembly and/or function are perturbed by deletions of certain non-septin genes (for a review, see Longtine and Bi, 2003; McMurray and Thorner, 2009) , and these mutants, while viable, display temperature-sensitive phenotypes. For example, although each also functions in distinct processes, the protein kinases Cla4, Elm1, Gin4, Hsl1, and Kcc4 contribute to the efficiency and/or temporal dynamics of higherorder septin assembly. Cla4 and Gin4 phosphorylate septins (Mortensen et al., 2002; Versele and Thorner, 2004) , whereas Elm1 phosphorylates Gin4 (Asano et al., 2006) and Hsl1 (Szkotnicki et al., 2008) , and thus indirectly influences septin assembly. Hsl1 activity at the bud neck regulates cell cycle progression in response to defects in septin assembly (Barral et al., 1999; Shulewitz et al., 1999) ; consequently, hsl1D mutants are delayed in G2-M. Deletion of the bud neckassociated kinase Kcc4, which physically interacts with septins (Okuzaki and Nojima, 2001 ), but whose physiological substrates are unknown, displays genetic interactions that place it in a pathway together with Gin4 and Hsl1, but separate from Elm1, in the regulation of cytokinesis (Bouquin et al., 2000) . The Nap1 protein co-purifies with septins, Gin4, and Kcc4 (Gavin et al., 2002; Mortensen et al., 2002) , and nap1D affects Gin4 activity and bud neck localization (Longtine et al., 2000) . SIZ1 encodes an enzyme responsible for small ubiquitin-like modifier (SUMO)-ylation of Cdc3, Cdc11, and Shs1 (Johnson and Gupta, 2001; Takahashi et al., 2001) , and the siz1D allele displays genetic interactions with shs1D and nap1D (Collins et al., 2007; Costanzo et al., 2010) . Thus, such mutations provide sensitized genetic backgrounds for the analysis of the effects on cytokinesis of mutations in other genes.
For this reason, we combined viable non-septin gene deletions (cla4D, elm1D, gin4D, hsl1D, kcc4D, nap1D, or siz1D) that impede cytokinesis via the effects on septin assembly and/or function (Bouquin et al., 2000; Longtine et al., 2000; Gladfelter et al., 2004 ) with a snf7D mutation by mating the corresponding haploid strains, which are all viable. After sporulation of the resulting diploid, meiotic progeny containing both mutant alleles were identified. All of these haploid double mutants were viable at room temperature (RT) on standard rich dextrose-based medium, yeast peptone dextrose (YPD) (data not shown). However, cultivation at higher temperatures revealed a drastic effect of combining snf7D with cla4D or elm1D (Figure 2A ), whereas snf7D alone only mildly impeded colony growth at 378C and had no detectable effect at 308C (Figure 2A and data not shown). Specifically, (A-C) Fivefold serial dilutions of cells cultured at room temperature were spotted on agar plates and incubated at the indicated temperature for 2-3 d before plates were photographed. The growth medium was rich (YPD) (A, C), or synthetic drop-out medium selective for the indicated plasmids (B). All strains were, as indicated, the SNF7 q or snf7D meiotic progeny of diploid cells carrying a mutation at another locus, and were made by crossing the snf7D haploid JTY4935 with JTY4003 (hsl1D), JTY4007 (nap1), JTY4005 (kcc4D), JTY4008 (siz1D), YMVB12 (cla4D), JTY4000 (elm1D), or JTY3986 (cdc10-1). Plasmids FD44 (wCLA4x), pRS416-SNF7-FLAG (wSNF7-FLAGx), pRS416-SNF7 (L121D)-FLAG (wSNF7 (L121D)-FLAGx), pRS416-CUP-ELM1 (wYCpELM1x) or YEp13-ELM1 (wYEp-ELM1x) were introduced by transformation into the haploid spore clones. (D) The strains in (C) were grown overnight in YPD medium at the indicated temperature prior to DAPI staining and visualization of nuclei in single focal planes. At 268C, for cdc10-1 SNF7 q , 14/475 were multinucleate at 268C, 223/373 at 308C; for cdc10-1 snf7D, 6/746 were multinucleate at 268C, 86/382 at 308C.
at both 308C and 378C, cla4D SNF7 q spore clones formed colonies indistinguishable from those of wild-type cells, but cla4D snf7D colony growth was severely inhibited at 308C and almost completely blocked at 378C (Figure 2A ). Similarly, colony growth of snf7D elm1D cells was markedly reduced at 378C (although the effect at 308C was less pronounced) ( Figure 2A ). By contrast, combining snf7D with gin4D, hsl1D, kcc4D, nap1D, or siz1D did not affect colony size ( Figure 2A) . Importantly, restoring CLA4 or ELM1 on plasmids rescued the growth at 378C of cla4D snf7D and elm1D snf7D cells, respectively ( Figure 2B ). Moreover, for ELM1, the efficiency of rescue correlated with copy number of the plasmid ( Figure  2B ). Furthermore, providing otherwise wild-type wbut FLAG-tagged; (AspTyrLysAspAspAspAspLys)x Snf7 on a plasmid also rescued growth at 378C of both cla4D snf7D and elm1D snf7D strains, whereas a plasmid encoding FLAG-tagged Snf7 (L121D), a mutant known to be defective for polymerization in vitro and in vivo (Saksena et al., 2009 ), failed to complement the lethality of cla4D snf7D cells at 378C ( Figure 2B ). Strikingly, the Snf7 (L121D) mutant acted in an apparently dominant-negative manner, preventing growth at 378C of cla4D SNF7 q cells ( Figure 2B ), possibly by incorporating into and terminating growing ESCRT-III polymers. In addition, consistent with our findings, in a genome-wide synthetic genetic array analysis (Costanzo et al., 2010) , elm1D strains exhibited synthetic colony growth defects at 308C when combined with a vps4D mutation (snf7D was not included in that study). Our results demonstrate that otherwise subtle cytokinesis defects caused by deletion of either of two protein kinases known to promote proper septin assembly are exacerbated by loss of ESCRT-III function. Thus, by compromising assembly of higherorder septin structures, we were able to show that ESCRT-III function contributes positively to the process of yeast cell division.
Genetic interactions between ESCRT-III mutations and cdc10
We next looked for genetic interactions between mutations in genes encoding ESCRT-III components and in genes encoding septins. The septin genes were first identified via temperature-sensitive point mutations that prevent cytokinesis at the non-permissive temperature (Hartwell, 1971) . Subsequent analysis (Sirajuddin et al., 2009 ) revealed that nearly all temperature-sensitive alleles in CDC3, CDC10, CDC11 or CDC12 (Cid et al., 1998; Casamayor and Snyder, 2003; Nagaraj et al., 2008) alter residues predicted to contact the guanine nucleotide that each septin normally binds, and targeted mutations designed to eliminate nucleotide binding in each of these four septins also individually make cells temperature-sensitive for cytokinesis (Versele and Thorner, 2004; Nagaraj et al., 2008; Sirajuddin et al., 2009 ). The cdc10-1 allele was isolated in the original cell division cycle screen (Hartwell, 1971) and carries a single base-pair change causing a D182N substitution (Michael A. McMurray and Jeremy Thorner, unpublished results). D182 is situated within the so-called G4 motif of the highly conserved guanine nucleotide binding pocket (Sirajuddin et al., 2009) , and mutations that abrogate nucleotide binding destabilize septin hetero-oligomers in vitro and in vivo (Bertin et al., 2008; Nagaraj et al., 2008) . In the case of cdc10-1, this instability is manifested as slow colony growth at 308C and lethality at 378C ( Figure 2C ). Considering that Cla4-dependent phosphorylation of Cdc10, like nucleotide binding, promotes higher-order septin assembly in vivo (Caviston et al., 2003; Dobbelaere et al., 2003; Kadota et al., 2004; Versele and Thorner, 2004) , we expected that snf7D might exacerbate the phenotype of cdc10-1 cells, as seen for cla4D snf7D double mutants. However, loss of Snf7 clearly improved the proliferation of cdc10-1 cells at 308C ( Figure 2C ). Consistent with these findings, others have shown that a different ESCRT-III mutation, vps24D, partially suppresses the colony growth defect at 308C of cells carrying a different temperature-sensitive allele, cdc10-4 (Costanzo et al., 2010) .
If the improvement in colony growth in cdc10-1 cells conferred by an ESCRT-III mutation reflects more efficient cytokinesis, then such double mutants should segregate cellular contents more faithfully than cdc10-1 cells. A characteristic defect of failed cytokinesis in septin mutant cells is the accumulation of multiple nuclei, resulting from mitosis within an undivided cell (Hartwell, 1971) . Indeed, DNA staining with 4,6-diamidino-2-phenylindole (DAPI) revealed that 60% (223/373) of cdc10-1 SNF7 q cells cultured at 308C possess multiple nuclei ( Figure 2D ). By contrast, multinucleate cells were much less frequent in cdc10-1 snf7D cells at the same temperature (86/382, 23%; one-tailed Fisher's exact test, p-0.0001). Thus, when the stability of septin-based structures is compromised, loss of ESCRT-III function improves the ability of cells to carry out their division.
ESCRT-III and septin localization patterns and effects on morphogenesis during normal and defective cell division
Mutants with subtle defects in cytokinesis display an elongated morphology resulting from a delay in the switch from polar to isotropic bud growth. The delay occurs prior to the onset of cytokinesis and is an active response to defects in septin ring assembly (Barral et al., 1999; Shulewitz et al., 1999) . Eliminating this morphogenesis checkpoint allows cytokinesis to begin without delay, but often has dire consequences for the completion of cell division (Barral et al., 1999; Bouquin et al., 2000) . Thus, elongated cell morphology is a symptom, not a cause, of many cytokinesis defects (in particular, those originating from problems with septin assembly). Hence, monitoring changes in morphology can provide useful information, especially when combined with visualization of septin organization in vivo using fluorescently labeled subunits. Therefore, we examined the morphology of cells carrying mutations in various ESCRT factors using transmitted light microscopy. At 308C, vps36D (ESCRT-II), snf7D (ESCRT-III), and vps4D (ESCRT-III) mutants were indistinguishable in shape from wild-type cells ( Figure 3A , C), consistent with the conclusion from our aforementioned TEM analysis that abnormally shaped cells are rare in snf7D populations and in agreement with the results of a high-throughput study conducted by automated morphometric analysis (Saccharomyces cerevisiae Morphology Database; http://yeast.gi.k.u-tokyo.ac.jp/). Moreover, in snf7D cells, septin structures (marked with Cdc10-mCherry) exhibited the normal distribution of single rings, hourglassshaped collars, and split rings at the bud neck, indistinguishable from those in wild-type cells ( Figure 3B and data not shown).
However, when an ESCRT-III mutation was combined with mutations known to cause modest cytokinesis defects, there were pronounced effects on morphology, especially after a 3-h shift to 378C, which were not displayed by the single mutants alone. Unlike snf7D cells, which had a uniformly normal shape ( Figure 3C , upper row of images), or elm1D cells, which grew as clusters of unseparated, elongated cells ( Figure 3C , middle row of images), a snf7D elm1D double mutant had a markedly elongated (usually single) bud with multiple obvious constrictions (arrowheads) ( Figure 3C , bottom row of images). Considering that snf7D elm1D cells cannot form colonies at this temperature ( Figure  2 ), this morphology presumably represents the terminal phenotype.
By contrast, at 308C, both cdc10-1 SNF7 q and cdc10-1 snf7D cells were only slightly elongated ( Figure 3D ). In cultures of either genotype, occasional highly elongated and often apparently lysed cells ( Figure 3D , arrow) were found at similar frequency (data not shown). However, cdc10-1 SNF7 q cultures had many mother cells with multiple attached buds ( Figure 3D , arrowheads), whereas cdc10-1 cells lacking Snf7 appeared to complete cytokinesis more frequently, in agreement with our finding that absence of Snf7 improved cdc10-1 colony growth ( Figure 2C ). The cdc10-1 allele that is the sole source of Cdc10 in these cells also harbored a C-terminal green fluorescent protein (GFP) tag, which we used to visualize septin assembly (GFP images) and, using this marker, Cdc10 was clearly found at the necks of most buds in the form of collars or split rings, regardless of whether the cells expressed Snf7 ( Figure 3D) . Thus, at 308C, the cdc10-1 allele triggers only a modest morphogenesis checkpoint response, indicating that initial septin collar assembly is largely normal, and suggesting that defects in its stability or organization are manifested only at a later cell cycle stage. In such cells, absence of Snf7 facilitates execution of events that improve the efficiency of cell division. If ESCRT-III functions directly in the late steps of cytokinesis, ESCRT-III components should localize to the bud necks of these cells. To address this prediction, we examined Snf7 localization in wild-type cells and in cells in which cytokinesis was perturbed. First, we used a Snf7-GFP fusion Figure 3 ESCRT-III and septin localization patterns and effects on morphogenesis during normal and defective cell division. Cells from exponentially-growing cultures were visualized by transmitted light microscopy of single focal planes (A-E) and either epifluorescence microscopy at regular intervals in the z direction combined with deconvolution of the resulting single focal plane images to eliminate out-of-plane fluorescence, followed by projection of each focal plane's image onto a single image (B, E), or standard epifluorescence microscopy of single focal planes (D, G). (A) Strains were SEY6210 (wild-type), MWY24 (snf7D), MBY30 (vps36D), or MBY3 (vps4D) and were cultured at 308C. (B) mCherry-tagged Cdc10, expressed from the endogenous CDC10 locus, was visualized with a rhodamine filter set in SNF7 q (JTY3992) or snf7D (YCS639) cells cultured at 308C. (C) Cells of strain JTY4957 (snf7D ELM1), JTY4000 (SNF7 q elm1D), or JTY4973 (snf7D elm1D) pre-grown in YPD at room temperature were shifted to 378C for 3 h. The arrowheads indicate constrictions along the lengths of snf7D elm1D buds. (D) Cells of strain JTY3986 (cdc10-1-GFP SNF7 q ) or JTY4000 (cdc10-1-GFP snf7D), pre-grown in YPD at room temperature, were shifted to 308C for 3 h. Cell morphology was visualized by differential interference contrast (DIC). Cdc10-1-GFP localization was visualized with an eGFP filter set (GFP). The arrowheads indicate cells with multiple attached buds. The arrow indicates an elongated, lysed cell. (E) Snf7-GFP was visualized with a TRITC filter set in cells of strain BY4741 (CDC10 q ) or YCS640 (cdc10D) cultured at 308C and carrying plasmid pRS416-SNF7-GFP. (F) Snf7-GFP (green) and Cdc10-mCherry (red) were visualized in cells of strain JTY3992 cultured at 308C using a TRITC or a rhodamine filter set, respectively. (G) Snf7-mRFP (red) and Myo1-GFP (green) were visualized using a TRITC or an eGFP filter set, respectively, in diploid cells made by mating strain JTY3562 with strain JTY4510 and cultured at 308C. Left column: cells with Snf7-mRFP at the bud neck (arrowheads); right column: cells in which no Snf7-mRFP was observed at the neck, imaged in the same fields as those in the left column.
expressed from a plasmid in SNF7 q CDC10 q or SNF7 q cdc10D cells. Cells can tolerate deletion of CDC10 because the remaining septin proteins are capable of interacting in ways that allow filament assembly, but these mutants are temperature-sensitive and, even at permissive growth temperatures, display noticeable defects, like abnormally wide bud necks (McMurray et al., 2011) . As shown in Figure 3E , in cells of either genotype, Snf7-GFP localized to the periphery of the vacuole or as discrete puncta that were randomly distributed in the cytoplasm with relation to the bud neck.
The puncta correspond to endosomes as well as 'class E' compartments -abnormal endosomal intracellular structures indicative of impaired ESCRT function -and are a manifestation of the fact that, as is true for other large C-terminal appendages to Snf7, this GFP fusion is partially dysfunctional and inhibits ESCRT-III function in a semi-dominant manner (Teis et al., 2008) . The lack of any obvious bud neck localization of Snf7-GFP in wild-type cells was also clearly visualized by co-expressing Cdc10-mCherry to mark the neck ( Figure 3F ). Similarly, Snf7 has been observed only as discrete puncta in previously-published immunofluorescence experiments using fixed wild-type cells and antibodies recognizing endogenous Snf7 (Babst et al., 1998 (Babst et al., , 2002 Katzmann et al., 2001; Curtiss et al., 2007; Dimaano et al., 2008; Teis et al., 2008) . These results argue against a direct role for ESCRT-III as a stable component of the contractile ring. However, the amount of Snf7 at the neck may be below the threshold for detection by these methods or may occur transiently during a short period of the cell cycle that was not well represented in the asynchronous cultures we examined. To address the latter possibility, and to facilitate the identification of cells in the final stages of cytokinesis, we visualized the contractile ring using a Myo1-GFP fusion. Myo1 appears as a ring at the bud neck that colocalizes with the septin ring just prior to the onset of cytokinesis. The Myo1 ring then constricts during plasma membrane ingression and ultimately disappears prior to cell separation (Bi et al., 1998; Lippincott and Li, 1998; Vallen et al., 2000) . To visualize Snf7 in the same cells, we used a Snf7-mRFP fusion (Huh et al., 2003) . Importantly, although each fluorescent reporter is integrated at the corresponding endogenous chromosomal locus, both fluorescently-tagged fusion proteins display evidence of dysfunction due to deleterious influences of their respective tags. Specifically, like Snf7-GFP, Snf7-mRFP also accumulates in class E compartments (Huh et al., 2003) . Similarly, Myo1-GFP, unlike native Myo1 expressed in the same manner wfrom a tetracycline-repressible promoter (Mnaimneh et al., 2004 ) that replaced the endogenous MYO1 promoterx, was unable to support the growth of cdc10D cells (M.A.M. and J.T., unpublished observations).
Thus, to provide wild-type ESCRT-III and contractile ring function, a SNF7-mRFP-expressing haploid was mated with a MYO1-GFP-expressing haploid, creating a diploid strain with one wild-type (untagged) copy of each gene. In these diploid cells, Snf7-mRFP frequently colocalized with Myo1-GFP at the bud neck ( Figure 3G , left column, arrowheads). The fluorescent signal we detected with our RFP filters was not the result of bleed-through from GFP, because other cells within the same field of cells had bright Myo1-GFP signal at the neck, but no detectable RFP ( Figure 3G , right column). Snf7-mRFP was also found away from the neck, presumably in class E compartments ( Figure 3G ). Importantly, Snf7-mRFP colocalization with Myo1-GFP was only observed prior to contractile ring constriction, when Myo1-GFP was present as a relatively large, bright ring ( Figure 3G ). Moreover, Snf7-mRFP was never found as a ring at the bud neck in cells with untagged Myo1 (data not shown), suggesting that the Myo1-GFP construct helped 'trap' Snf7-mRFP at the neck, apparently in a semi-dominant fashion. However, Myo1 depletion (initiated by tetracycline-dependent repression) was not sufficient to drive Snf7-mRFP to the bud neck; after a 5-h or even overnight exposure to tetracycline, only the characteristic punctate Snf7-mRFP pattern was observed in such cells (Supplementary Figure 1 , and data not shown). Although Snf7-mRFP accumulated at the site of cytokinesis in some cells when bud necks contained Myo1-GFP, we interpret this result with caution, because it could represent a non-physiological situation arising from the use of two functionally compromised fluorescent fusions. Nevertheless, we never observed Snf7-mRFP at the bud neck during the stage of the cell cycle when plasma membrane abscission is thought to occur.
ESCRT-I, -II, and -III mutations in elm1D cells exacerbate cytokinesis defects, elevate chitin synthase II levels, and cause ectopic chitin deposition
Roles for ESCRT complexes in cytokinesis in other cell types are largely restricted to ESCRT-III. However, it was noted that mutations in other ESCRT complexes, including vps27D (ESCRT-0) and vps25D (ESCRT-II), inhibit colony growth when combined with an elm1D mutation (Costanzo et al., 2010) . We confirmed the deleterious genetic interaction between vps27D and elm1D ( Figure 4A ) and, in addition, found that vps23D (ESCRT-I) and vps36D (ESCRT-II) have a similar negative effect on elm1D colony growth (Figure 4A) . Thus, in cells lacking Elm1, there is a greater demand for proper endosomal protein sorting, in general, to achieve efficient cytokinesis. We reasoned that chitin synthase II (Chs2, catalytic subunit encoded by CHS2), which drives centripetal deposition of the chitin-rich primary septum behind the ingressing plasma membrane (Cabib, 2004) , represented a good candidate for a membrane protein with an important role in cytokinesis that is subject to ESCRTdependent trafficking. We suspected Chs2 because it is shortlived, undergoes internalization in endosome-like vesicles, and is degraded in the vacuole (Chuang and Schekman, 1996; VerPlank and Li, 2005) . Thus, through their role in delivering plasma membrane proteins for degradation in the vacuole, ESCRT components are likely necessary for curtailing Chs2 activity at the neck in a timely manner. Indeed, vps24D (ESCRT-III) mutants display genetic interactions and alterations in chitin levels consistent with this idea (Lesage et al., 2005) . If this model is correct, the steady-state level of Chs2 should be elevated in any ESCRT mutant. In elm1D cells, where failure of proper septin collar assembly prevents retention of other factors required for efficient cytokinesis, we presume that elevated chitin synthesis resulting from the defect in ESCRT function further disturbs the coordination between cell wall and plasma membrane remodeling that is necessary for successful cell division.
To test this overall idea, we examined the level of endogenous Chs2 in extracts of elm1D, elm1D vps23D, elm1D vps27D, elm1D vps36D, and elm1D snf7D cells by immunoblotting. To optimize detection of Chs2, all of the cultures were first treated with the microtubule-depolymerizing agent nocodazole to arrest cells prior to cytokinesis, and then released from the arrest and allowed to progress synchronously to the onset of cytokinesis. Consistent with our hypothesis, the level of Chs2 wnormalized to that of a loading control, phosphoglycerate kinase 1 (Pgk1); data not shownx was markedly increased in elm1D cells carrying each ESCRT mutant examined, as compared to elm1D cells alone that possessed a functional ESCRT pathway ( Figure 4B ). These differences could not be attributed to any difference in the efficiency of the cell cycle arrest, because the level of the mitotic cyclin Clb2 was roughly equivalent in each culture ( Figure 4B ). The snf7D mutation resulted in the highest level of Chs2 accumulation (;18-fold elevation), a vps36D mutation caused a less striking increase (;threefold elevation), and a vps23D mutation was intermediate (;eightfold elevation) . If excess Chs2 activity is also detrimental to cytokinesis in wild-type cells, the extent of the Chs2 increase caused by different ESCRT mutations may explain why we were able to detect evidence, albeit subtle, for defective cytokinesis in snf7D cells, but not in vps23D or vps36D cells ( Figure 1B,C) .
Why would elm1D mutants be especially sensitive to increases in Chs2 activity? In wild-type cells, Chs2 is largely restricted to the bud neck during cytokinesis, in part by the diffusion barrier function of the septin collar at the bud neck. In mutants, like elm1D (Sreenivasan and Kellogg, 1999; Bouquin et al., 2000) and cla4D (Schmidt et al., 2003; Versele and Thorner, 2004) , in which septin collar assembly is defective, aberrant septin structures form at ectopic locations away from the neck, such as at the tips of elongated buds. At these locations, Chs2 is also found, along with constriction-competent Myo1 assemblies, that together drive formation of small, abnormal, septum-like structures (Slater et al., 1985; Roh et al., 2002) . Hence, as a further test of our prediction that ESCRT mutations increase Chs2 activity at both the bud neck and at ectopic locations in elm1D cells, we analyzed the deposition of cell wall chitin by staining with Calcofluor White, a fluorescent chitin-binding dye (Pringle, 1991) . In cultures grown to saturation at room temperature, the majority of the cells had a near-normal morphology (data not shown); however, clusters of highly elongated cells were readily detectable ( Figure 4C ). In elm1D cells, Calcofluor staining (arrowheads) was restricted almost exclusively to the necks of the elongated buds, whereas in elm1D cells lacking Snf7, Vps23, Vps27 or Vps36, intense staining also was observed at numerous locations along the length of the buds, coinciding with obvious constrictions in the cell wall ( Figure 4C ). Thus, in the elm1D cells, lack of a functional ESCRT pathway markedly affected where and how much chitin synthesis occurred, especially at sites away from the bud neck, and is fully consistent with our observation that ESCRT function is needed to maintain the amount of Chs2 at a low level.
Discussion
Taken together, while the results described above indicate that the ESCRT machinery plays no more than a minor role in cytokinesis in wild-type yeast cells, its contribution can be revealed when cytokinesis is hindered by mutations in other, more critical factors. In these cases, ESCRT mutations had either positive or negative effects, depending on the nature of the other defect with which they were combined. Deletion of SNF7, encoding the primary component of ESCRT-III filaments, exacerbated division defects in cla4D and elm1D cells at 378C, but alleviated division defects in cdc10-1 cells at 308C.
It is difficult to imagine how a direct role for ESCRT-III in yeast plasma membrane abscission during cytokinesisanalogous to what has been proposed in cultured mammalian cells -could account for our observations. One might speculate that, in mutant cells where plasma membrane ingression occurs in a disorganized fashion, such as when the contractile ring fails to properly constrict and ingression is driven just by centripetal deposition of cell wall material, the edges of the ingressing plasma membrane come into close proximity at a number of places, rather than in a single discrete location, leading to unusual topologies that require special activities (e.g., ESCRT-III) to resolve. Indeed, TEM of myo1D or chs2D cells reveals evidence of these events in the form of so-called 'lacunae', pockets of cytosol trapped within the septal material (Schmidt et al., 2002) . Although we do not dismiss this possibility, it does not explain why ESCRT-III function in plasma membrane abscission provides a benefit to cla4D or elm1D cells, but an obstacle to cdc10 cells. Furthermore, the major ESCRT-III component Snf7 could not be detected at the site of cytokinesis at the time plasma membrane abscission is thought to occur, and was only found there significantly earlier in the process.
We favor an alternative model in which ESCRT mutations exert indirect effects on cytokinesis via reduced endocytic turnover of key, membrane-associated factors that act directly in cell division, such as Chs2. As detailed below, we believe that important differences in the underlying septin alterations distinguish cytokinesis-defective mutants helped by loss of ESCRT function from those harmed by the same mutation.
In elongated buds, septins occasionally localize ectopically to the sides and tips, presumably due to abnormally prolonged interactions between septins and Cdc42 effector proteins there (Gladfelter et al., 2005) . Consequently, the molecular machinery necessary for cytokinesis (e.g., the contractile ring) and septation (e.g., Chs2) is also found at these locations, resulting in ectopic plasma membrane invaginations and septum-like cell wall deposits Schmidt et al., 2002) . These multiple sites of attempted cell division set up a competitive situation that, if some limiting component is in short supply, prevents any one location from assembling the apparatus needed for the completion of cytokinesis. Temperature-sensitive septin mutants are prone to frequent ectopic assembly of contractile ring and septation components (Slater et al., 1985; Roh et al., 2002; Schmidt et al., 2002) . Overexpression of a truncated version of Myo1 lacking its motor domain that is nonetheless sufficient to guide furrow ingression and cell wall remodeling during cytokinesis is able to partially suppress the growth defect of temperature-sensitive septin mutants (Fang et al., 2010) . Thus, one factor apparently limiting for cytokinesis when septins are defective is a contractile ring component.
Given that the septation apparatus can also drive furrow ingression (Bi et al., 1998; Fang et al., 2010) , Chs2 activity represents another good candidate for a component limiting for cytokinesis in certain septin mutants. Thus, mutations that block endocytic turnover of Chs2 could elevate chitin synthase activity at the neck and improve the efficiency of cytokinesis in these cells. Our findings provide strong support for this idea: ESCRT mutations increase Chs2 levels and partially suppress the slow colony growth and accumulation of multinucleate cells in a septin mutant (cdc10-1). Furthermore, an independent allele of cdc10-4 is similarly suppressed by a vps24D (ESCRT-III) mutation (Costanzo et al., 2010) . Finally, vps24D cells are hypersensitive to exogenous Calcofluor White (Lesage et al., 2005) or Congo Red in the growth medium (Weiss et al., 2008) , indicators of elevated chitin levels (Ram and Klis, 2006) .
However, if supplies of required components are just sufficient for cytokinesis at the bud neck, then abortive attempts at sites elsewhere would detrimentally impact successful cell division at the correct location. In elm1D cells, ESCRT mutations increased Chs2 levels ( Figure 4 ) and caused aberrant constrictions in growing buds (Figures 3 and 4) accompanied by intensified chitin deposits at those sites (Figure 4) , which presumably decreased the frequency of successful cleavage at bud necks within a growing colony. In our model, any mutation that prevents Chs2 degradation could similarly elevate Chs2 activity, causing the observed colony growth and cell morphology defects when combined with an elm1D (or cla4D) mutation. Indeed, other ESCRT mutants defective in endocytic turnover of plasma membrane proteins, such as vps27D (ESCRT-0), vps23D (ESCRT-I), vps25D (ESCRT-II), or vps36D (ESCRT-II), also inhibit elm1D colony growth (Figure 4 ) (see also Costanzo et al., 2010) .
We suspect that the negative effects of snf7D were manifested in cla4D or elm1D cells because the buds in these mutants are generally much more elongated (and inappropriate bud-tip localization of septins is much more pronounced) than gin4 (Longtine et al., 1998 (Longtine et al., , 2000 Barral et al., 1999) , hsl1 (Barral et al., 1999; Longtine et al., 2000; Thomas et al., 2003) , kcc4D (Barral et al., 1999; Okuzaki and Nojima, 2001) , nap1D (Longtine et al., 2000) or siz1D cells (Johnson and Gupta, 2001 ) mutants. Indeed, the primary cytokinesis defect in cells lacking Cla4 or Elm1 appears to be a failure to assemble a well-organized septin collar at the bud neck and a corresponding failure to prevent deposition of septin structures at locations away from the bud neck. The actions of Cla4 and Elm1 contribute to proper septin assembly prior to bud emergence (Blacketer et al., 1995; Kadota et al., 2004; Versele and Thorner, 2004) . Cla4 is dispensable for the later steps, because engineered Cla4 degradation following proper septin collar assembly has no effect on cytokinesis (Kadota et al., 2004) . Similarly, although Elm1 clearly has post-G1 functions, these are manifested in elm1 mutants as delays in entry into (Sreenivasan et al., 2003) and/or exit from (Bouquin et al., 2000) mitosis, whereas bud neck defects in plasma membrane ingression/ abscission per se have not been observed.
Among all the cytokinesis mutants we tested for synthetic effects with snf7D, cdc10-1 was unique in that increased Chs2 improved the execution of cell division ( Figure 3D ). What is special about cdc10-1? Despite near-normal bud morphology and septin localization at the bud neck (and not elsewhere) in these cells at temperatures permissive for colony growth, cytokinesis frequently fails, yielding cells with multiple (and, sometimes, chains of) buds. Thus, the defect caused by cdc10-1 is presumably not in initiating and forming a septin collar at the bud neck, but rather in maintaining its structure in a stable and fully functional form at that location. The septins rings that flank the bud neck when the septin collar splits are known to act as a diffusion barrier for Chs2 (Dobbelaere and Barral, 2004) . Thus, although the neck is correctly defined as the sole site of exocytic delivery in cdc10-1 cells, we presume that the resulting split rings fail to maintain their full integrity even at 308C, preventing proper retention of Chs2 and other factors required for cytokinesis and septation. Given the importance of bound nucleotide in cementing septin-septin interactions (Versele and Thorner, 2004; Nagaraj et al., 2008; Sirajuddin et al., 2009 ), a defective nucleotide-binding subunit, like Cdc10-1, is likely to impart significant fragility to septin-based structures. We presume, therefore, that the general increase in Chs2 level at the plasma membrane when ESCRT function is crippled by a snf7D mutation partially compensates for the inability of the weakened split rings in cdc10-1 cells to retain a sufficient level of Chs2 activity, thereby improving the chance of successful septation. Consistent with this idea, ESCRT mutants (such as snf7D cells) display increased recycling of internalized plasma membrane proteins (Teis et al., 2008) .
Previous studies have demonstrated essential roles for membrane trafficking via the secretory, endocytic, and recycling pathways during cytokinesis. Notably, endocytic membrane internalization occurs at the site of plasma membrane abscission in cultured mammalian cells, termed the midbody, and is required for cytokinesis (Schweitzer et al., 2005) . Recycling from endosomal vesicles may play an important role in providing the membrane material necessary to complete animal cell cytokinesis (Finger and White, 2002) , and indeed recycling endosomes are found in close proximity to the midbody during a brief period late in mitosis, prior to contractile ring constriction (Schweitzer et al., 2005) . Although highly speculative, it is possible that the Snf7-mRFP we observed closely situated near the contractile ring in yeast cells expressing Myo1-GFP represents a related compartment whose existence is too transient to visualize in wild-type cells, and was only detectable in the SNF7-mRFP/q MYO1-GFP/q genetic background because the fluorescent tags slightly compromised the function of each fusion protein in a semi-dominant manner, extending the period between contractile ring maturation and constriction, as well as the lifetime of ESCRT assemblies at these internal membranes. In this regard, it is interesting to note that human CHMP4B interacts with the FYVE-CENT/TTC19 protein complex found on phosphatidylinositol 3-phosphate (PI3P)-containing membrane compartments at the midbody (Segona et al., 2010) . In addition, Bro1, a regulator of yeast ESCRT-III disassembly and membrane scission activity (Wemmer et al., 2011) , and Hof1, an important regulator of yeast cytokinesis associated with the contractile ring prior to its constriction (Vallen et al., 2000; Blondel et al., 2005; Nishihama et al., 2009) , reportedly interact, at least as judged by the yeast twohybrid method (Tonikian et al., 2009 ). This association is reminiscent of the direct interactions of Alix, the mammalian Bro1 ortholog, with various cytokinetic factors, like IQ motif containing GTPase activating protein 1 (IQGAP1) (Morita et al., 2007) .
Materials and methods
Yeast strains, plasmids, and cultivation media
Cultivation of yeast strains (Supplementary Table 1 ) was carried out according to the protocol used by Sherman et al. (1986) in standard dextrose-based rich (YPD) or synthetic complete (SC) media lacking appropriate nutrients to maintain non-essential plasmids (Supplementary Table 2 ). Sporulation medium was 0.3% potassium acetate and 0.02% raffinose. Geneticin ᭨ (G418 sulfate; Invitrogen Corporation, Carslbad, CA, USA), hygromycin (Invitrogen Corporation), and/or tetracycline hydrochloride (Sigma-Aldrich, St. Louis, MO, USA) was added to YPD to 300 mg/ml, 150 mg/ml, or 50 mg/ml final concentration, respectively.
Electron microscopy
Yeast cells were high-pressure frozen and freeze-substituted as previously described (Nickerson et al., 2006; Richter et al., 2007) and embedded at -608C in Lowicryl HM20 (Polysciences, Inc., Warrington, PA, USA). Plastic blocks were trimmed and cut into 80-nm sections with a Leica microtome (Leica Microsystems, Wetzlar, Germany) and placed on rhodium-plated copper slot grids prior to imaging with a Philips CM10 transmission electron microscope (EM) (FEI, Hillsboro, Oregon, USA).
Light microscopy
Calcofluor White (Fluorescent brightener 28, Sigma-Aldrich) was used to visualize cell wall chitin as described previously (Pringle, 1991) . For visualization of nuclei, cells were fixed with 70% ethanol for 5 min, washed twice with water, and resuspended in 50 ng/ml DAPI (Sigma-Aldrich). As indicated in the Figure legends, micrographs were captured using one of two microscopes. For single focal plane images, a BH-2 microscope (Olympus America, San Jose, CA, USA) equipped with a 60= objective, with a tetramethyl rhodamine iso-thiocyanate (TRITC) filter set (Chroma Technology Corporation, Bellows Falls, VT, USA) to view mRFP, an eGFP filter set (Chroma Technology Corporation) to view GFP, and a UG-1 excitation filter (Chroma Technology Corporation) with no emission filter, to view Calcofluor White and DAPI fluorescence, and digitally captured using a charge-coupled device (CCD) camera (Optronics ᭨ , Goleta, CA, USA). To capture images of a given field of cells at various points in the z direction, we used a DeltaVision RT microscopy system (Applied Precision, Inc., Issaquah, WA, USA) equipped with an IX71 Olympus microscope, a PlanApo 100= objective (1.35 NA, Olympus), DAPI, fluorescein isothiocyanate (FITC), and rhodamine filters, and a Cool Snap HQ digital camera (Photometrics, Tuscon, AZ, USA). Images were deconvolved using SoftWoRx 3.5.0 software (Applied Precision).
Flow cytometry
Cells were prepared essentially as described by Haase and Lew (1997) . Cultures were grown to mid-exponential phase and approximately 1=10 7 cells were washed and fixed in 70% ethanol for 1 h at RT or overnight at 48C. After fixation, cells were resuspended in 0.5 ml RNase A solution (2 mg/ml in 50 mM Tris-HCl pH 7.5) and incubated for 4 h at 378C on a platform shaker. Following RNase A treatment, cells were resuspended in 1= propidium iodide (PI) solution (100 mM PI, 180 mM NaCl, 100 mM Tris-HCl pH 7.5), covered in foil and incubated overnight on a nutator. Cells were either analyzed immediately or stored in the dark at 48C for subsequent analysis. Cells were diluted approximately 1:5 in 0.1=PI solution for analysis on a CYAN flow cytometer (Beckman Coulter, Inc., Brea, CA, USA) using the PE-Texas Red channel (FL3) and a parameter for cell cycle analysis of fixed cells. The side-scatter voltage was 450-470 V; gain 1.5; forward-scatter gain, 14. During analysis, the event rate was maintained at 200-300 per second.
Cell cycle synchrony, preparation of protein extracts and immunoblotting
Five-milliliter YPD cultures in late exponential phase at 308C were first permeabilized by the addition of 50 ml dimethyl sulfoxide (DMSO) and incubation at 308C for 30 min, then arrested in mitosis by the addition of 50 ml 1.5 mg/ml nocodazole (dissolved in DMSO; Sigma-Aldrich), followed by incubation at 308C for 3 h. To enrich for cells undergoing cytokinesis, the arrested cultures were washed three times with 10 ml YPD, resuspended in 5 ml YPD, and incubated for 1 h at 308C. At this point, the CHS2-GFP strain YEF3923 was used to confirm that Chs2 was located at the bud neck in approximately 70% of cells (data not shown). Total cellular protein was extracted by alkaline lysis followed by precipitation with trichloroacetic acid and extraction into 50 ml of sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer (Riezman et al., 1983) . After boiling for 5 min, 20 ml portions of these samples were resolved by SDS/PAGE (10% acrylamide) and transferred to nitrocellulose. The membrane was cut horizontally at the location of a pre-stained 84-kDa molecular weight standard (bovine serum albumin), and the top portion was blocked with 5% skimmed milk in tris-buffered saline (TBS) for 15 min and then incubated overnight with anti-Chs2 antibodies (a gift of Randy Schekman, University of California, Berkeley, CA, USA) diluted 1:10 000 in 2.5% milk in TBS. The bottom portion was blocked with Odyssey Block (LI-COR Biosciences, Lincoln, NE, USA) for 1 h before incubation with affinity-purified rabbit anti-Clb2 antibody (diluted 1:4 000, a gift of Doug Kellogg, University of California, Santa Cruz, CA, USA) and rabbit polyclonal anti-Pgk1 antiserum (diluted 1:10 000; Baum et al., 1978) . After washing, blots were incubated with appropriate secondary antibodies conjugated to infrared fluorophores, and visualized using an Odyssey infrared imaging system (LI-COR).
